The recombination process that assembles antigenreceptor genes is now understood in some biochemical detail. The initial steps reflect a common theme seen in retroviral integration and prokaryotic transposition, and the later steps involve the enzymatic machinery for double-strand break DNA repair. When the distinguishing features of vertebrates are considered, one that is often overlooked is their specific immunity, which complements the non-specific immunity that all multicellular organisms possess. The cornerstone of specific immunity is the generation of trillions of randomized antigen receptors by a process called V(D)J recombination. In this process, any of an array of V (variable) gene segments can join to any member of arrays of D (diversity) and J (joining) gene segments to generate a new exon in the somatic immune cells (lymphocytes). This new exon encodes the antigen-binding pocket of immunoglobulins or T-cell receptors, and is spliced to constant-domain exons at the mRNA level. This DNA recombination process happens millions of times each day in the proliferating pool of hematopoietic precursors of vertebrates, producing an enormous repertoire of protein receptors that bind to invading microbes at sites of inflammation and tag them for elimination.
The V, D and J gene segments are marked for recombination by adjacent recognition or signal sequences, which consist of a palindromic heptamer and an A/T-rich nonamer, separated by a spacer of 12 or 23 base pairs. A single recombination event is directed by a pair of these joining signals; one signal must have a 12 base-pair spacer, and the other a 23 base-pair spacer. The recombination process involves double-strand cutting at the borders of the joining signals and simultaneous formation of a DNA hairpin intermediate (Fig. 1 ) [1] [2] [3] . The only lymphoidspecific proteins known to be required for V(D)J recombination are encoded by the RAG1 and RAG2 genes discovered by Schatz, Oettinger and Baltimore [4, 5] .
Remarkable progress has been made recently in understanding the mechanism of this site-specific DNA recombination process. As an important prelude to this progress, the Baltimore and Gellert laboratories had defined the minimal portions of the RAG1 protein that are necessary to support the basic aspects of V(D)J recombination [6, 7] . This proved to be pivotal, because the most truncated version of RAG1 appeared as active as the full-length protein in the now standard extrachromosomal substrate assay developed by the Gellert laboratory; yet this truncated version turned out to be markedly more soluble, making biochemical studies much easier. Within a relatively short time of transferring their truncated RAG1 into an overexpression system, the Gellert laboratory detected their first hint of the long-sought cell-free, site-specific cutting [8] . They were able to detect low levels of DNA cutting at individual 12 or 23 base-pair spacer signals by a ligation-mediated polymerase chain reaction. This activity required RAG1 and extracts containing RAG2 from lymphoid cells, and the reaction was able to proceed from the starting substrate to the double-strand break and hairpin stage (see Fig. 1 
).
This left open the question of whether non-lymphoid specific proteins were involved in the nucleolytic cleavage reactions. The Gellert and Oettinger laboratories have now reported that RAG1 and RAG2 are sufficient to give a robust level of site-specific double-strand break and hairpin formation [9] . The process occurs via a nicked intermediate (see Fig. 1 ), which can be supplied to the RAG1 and RAG2 proteins and be converted to the double-strand break/hairpin products.
In the broader context of phosphoryl transfer reactions, it appears that the biochemical theme common to transposases and retroviral integrases also extends to the RAG1/RAG2 endonuclease step of the V(D)J recombinase reaction [10] . As in the case of retrotransposon mobility, an endonucleolytic step generates a 3′-OH that is not covalently coupled to the recombinase [11] . In a strand transfer step, that 3′-OH is the nucleophile for attacking the phosphodiester backbone of another DNA strand. During retrotransposition, this other strand is on a different DNA molecule; in V(D)J recombination, the target strand is simply the anti-parallel one directly across from it, generating the hairpin terminus and the free signal end in the same covalent bond transfer reaction.
At this step in the V(D)J recombination reaction, the process reveals itself as a specialized form of general DNA repair that requires the components of DNA end joining. And it is in this area that yet another series of scientific breakthroughs has occurred recently. X-ray sensitivity is used as a probe for double-strand break repair, and X-ray sensitivity in cells of higher eukaryotes has been classified into a series of genetic complementation groups based on the analysis of mutant cell lines in culture. One of these groups corresponds to the defect of the SCID mouse (SCID stands for severe combined immune deficiency), which is characterized by two features: abnormal antigenreceptor gene rearrangement [12, 13] , and cells that are highly sensitive to agents that cause double-strand breaks (reviewed in [14] ). The gene for the DNA-dependent protein kinase (DNA-PK) maps to the location of the human gene complementing the murine defect [15] , and DNA-PK activity is undetectable in murine SCID cells [16] . The sequence of the DNA-PK gene reveals that it is a member of a group of large protein kinases that have homology to lipid kinases [17, 18] ; this family includes the ataxia telangiectasia (AT) gene (reviewed in [19, 20] ), and it is noteworthy that AT-cells also have problems associated with DNA metabolism.
DNA-PK is only active in the presence of DNA termini. Data from Gottlieb and Jackson [21] indicate that DNA-PK binds to these termini via a heterodimeric DNA endbinding protein called Ku (70 and 86 kDa subunits). Mutations in the two Ku subunits also affect V(D)J recombination and double-strand break repair in ways that are similar to the DNA-PK defect, although the physiologic phosphorylation targets of DNA-PK have not been identified. In V(D)J recombination, these targets must in some way affect the hairpin opening -in SCID lymphocytes, recombination aborts at the coding joint formation step and the coding ends are left trapped in the hairpin configuration [3, 22] . In general double-strand break repair in SCID cells, approximately one-third of the normal amount of DNA end joining fails to occur as a result of the DNA-PK defect [23] [24] [25] . Because hairpins do not appear to be common to DNA end joining generally, the phosphorylation targets of DNA-PK must include repair factors that have a broader DNA terminus specificity.
Given these recent advances, what are the next major questions to be addressed in V(D)J recombination? In the recent in vitro studies, the cutting at a 12 base-pair spacer signal is not affected by the presence of a 23 base-pair spacer signal. There is ample evidence that, in cells, synapsis between 12 and 23 base-pair spacer signals plays a role in V(D)J recombination [26] . When the signals are pushed too close to achieve synapsis, the recombination efficiency falls over 100-fold. The fact that the recent results show no affect of one signal on cutting at the other means that some aspect of the system is missing. Other aspects that are uncertain are the stoichiometries of RAG1 and RAG2 relative to each other and to the DNA target, and there has been no direct demonstration of binding of RAG1/RAG2 to the signals. Recently, Sadofsky, Gellert and colleagues [27] demonstrated that RAG1 is sensitive to the DNA sequence at the border of the signal with the The two signals are designated with different colors because one signal has a 12 base-pair spacer between the heptamer and nonamer, and the other signal has a 23 base-pair spacer. The V and J coding segments are to be joined. In the genome, there are many V segments and multiple J segments. In step 1, RAG1/RAG2 make endonucleolytic nicks to generate a 3′-OH at the coding end and a 5′-P at the signal end [9] . In step 2, RAG1/RAG2 catalyze the nucleophilic attack by the 3′-OH on the phosphodiester backbone of the opposite strand. This generates a DNA hairpin at the coding ends. In step 3, signal ends are ligated; this step is uncoupled from the coding end joining process [26] , and signal end joining may take place more slowly than coding end joining [22] . In step 4, the hairpins are opened. In step 5, processing and joining of the ends occurs. If terminal transferase is present, then it frequently adds nucleotides to the coding (or signal) ends. The green ovals represent the DNA end-binding protein, Ku, which is a heterodimer (70 and 86 kDa). The large rectangle represents the 465 kDa DNA-dependent protein kinase (DNA-PK). The enzymatic components in steps 3, 4 and 5 are not yet determined. Step 2
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Step 1 adjacent V or J segment sequence. This is consistent with data indicating that the sequence of the DNA adjacent to the signal can markedly affect V(D)J recombination [28] [29] [30] . Given that RAG1 and RAG2 are the primary components of the system, it is reasonable to hypothesize that at least RAG1 contacts the signal. With the arrival of a cell-free system, all of these questions are amenable to effective analysis.
